The importance of soluble aluminum (AI) in acid soil infertility was first indicated a century ago when the precipitate formed upon the addition of alkali to the filtrate of NaCI extracts of acid soils was "found to be chiefly aluminum hydroxide" (Veitch 1904) . For many decades, however, research on acid soils focussed on low pH per se, with renewed interest in Al toxicity since ca. 1970. This, along with increased soil acidification through human activity, led to the question: Why is Al toxic to I Present address: School of Land and Food Sciences, The University of Queensland, Brisbane Qld 4072, Australia. E-mail: p.blamey@uq.edu.au plants? There are many excellent reviews on this topic (e.g. Delhaize and Ryan 1995; Horst 1995; Taylor 1995; Rengel 1996; Matsumoto 2000; Barcelo and Poschenrieder 2002; Rengel and Zhang 2003) , with almost complete consensus that Al is initially deleterious to root growth, but no unanimity on how this occurs. Aluminum reacts with many components of plant cells, including DNA in the nucleus, numerous cytoplasmic compounds, the plasmalemma, and the cell wall. Both the high valence and small ionic radius of the AI3+ ion make it highly reactive with electron-donors, suggesting that Al does indeed react with many cell components. Thus, there are many hypotheses about the site of Al toxicity in plants. Rengel (1996) noted that "many biochemical effects of Al occur within minutes or even seconds," and suggested "that 15 min should be the shortest critical time" to measure the effects of Al on intact plant cells and roots. Various techniques have been used to study the kinetics of Al effects on roots. Gunse et ai. (1992) used a computerised linear displacement transducer system to show that maize (Zea mays L.) root growth was reduced 30 min after the supply of 1 mM AI. Using the same system, Llugany et ai. (1995) observed that the growth rate of maize roots decreased by 5% after exposure for 33 -146 min to 20 /-1M AI, while a permanent ink reference mark 30 mm behind the root tip was used to show a significant reduction in the root growth of bean (Phaseolus vulgaris L.) seedlings after 360 min (Massot et ai. 2002) . Parker (1995) introduced a computerised video system in which the root length of five wheat (Triticum aestivum L.) cultivars was measured every 2-5 h for 48 h, with the root growth typically decreasing after a lag phase of 1-2 h. Marienfeld et ai. (2000) found that Al binds rapidly to cell walls of broad bean (Viciafaba L.), and was confined to the epidermal and outer cortical cells even after 1 h. Golgi apparatus activity, which plays an important role in the secretion of cell wall polysaccharides, was disrupted within <5 h of exposure to Al (Bennet et ai. 1985) , while root growth resumed after removal from the solution containing Al with concomitant renewed secretory activity in the root cap cells (Bennet and Breen 1991) .
Roots exposed to soluble Al are short and distorted, with epidermal and cortical cells particularly affected (Matsumoto 2000; Blarney 2001) . Only a small amount of Al is translocated to the plant tops except in AI-accumulator species such as tea (Camellia sinensis (L.) Kuntze) (Matsumoto et ai. 1976) . Most of the AI, therefore, accumulates in the roots, where it is largely confined to the apoplasm, though a small amount crosses the plasmalemma (Rengel and Reid 1997; Marienfeld et ai. 2000; Taylor et ai. 2000) . Bennet and Breen (1991) suggested that the root cap is important in the response of maize to AI. Ryan et ai. (1993) , however, found that the root cap did not influence Al injury but that typical damage occurred when AI-impregnated agar blocks were placed adjacent to the elongating zone of the root. The pronounced effect of Al placed at the root tip led Ryan et ai. (1993) to conclude that exposure of the meristematic zone is important in the expression of Al toxicity. Sivaguru and Horst (1998) , in contrast, reported that the greatest reduction in the elongation of maize roots occurred 1 h after the placement of Al in contact with the 1-2 mm zone from the root tip, concluding that the primary target of Al is the distal part of the transition zone where cells undergo a preparatory phase prior to rapid elongation.
Reasons put forward for the observed effects of Al on the decrease of root elongation include reactions of Al with cell wall components (Horst 1995) such as calcium (Ca) pectate (Blarney et ai. 1993; Blarney 2001) . Klimashevskii and Dedov (1980) , Horst (1995), and Blarney (2001) suggested that Al reacts with pectic compounds in the cell wall by increasing its rigidity, thereby reducing root elongation. Wagatsuma et ai. (1995) suggested that the plasmalemma of young root cells is the primary site for Al toxicity, with recent support provided by Ishikawa et ai. (2001) . Horst et ai. (1999) expanded these assumptions to suggest that Al disrupts the cell wallplasmalemma-cytoskeleton continuum. In the light of these hypotheses, we used digital microscopy to study mungbean (Vigna radiata L.) roots grown in solution to determine the timing, magnitude, and location of initial Al injuries. This technique, a development of that used by Parker (1995) , permitted continuous microscopic observations of roots with minimal interference imposed by the experimental technique.
MATERIALS AND METHODS
Mungbean seeds were germinated in a rolled paper towel suspended vertically with the bottom 20 mm in aerated 1 mM CaCl 2 solution. For each study, the root of a 3-d-old seedling was briefly placed horizontally on waxed paper on which activated carbon particles had been spread. Thereafter, the root was threaded through a 2 mm hole in a polycarbonate holder in which the hypocotyl was wedged, such that the root was vertical in 500 mL of 1 mM CaCl 2 solution. This solution had been aerated overnight, but was not aerated once the root had been transferred. Solution pH was not adjusted (ca. pH 6), and ambient and solution temperatures were 26°C in all the studies. (An initial study had shown that mungbean roots continued to grow for at least 60 h under these conditions.)
A digital microscope, Keyence 90 Super High Resolution (Keyence, Osaka, Japan) with an attached Mitsubishi monitor and VHS video tape recorder, was used at 25-times magnification to capture a digital image of the root every 5 min during the control period (i.e. the initial period in 1 mM CaCl 2 solution) and during the subsequent treatment period. The control period lasted ca. 100 min to ensure that linear root growth was occurring, as determined by plotting the distance of the root tip from a fixed point (i.e. an activated carbon mark 3-6 mm from the tip) while the study was progressing.
Treatments were imposed at the end of the control period. First, 5 mL of 5 mM AICl 3 stock solution was added to 500 mL of 1 mM CaCl 2 solution, ensuring a final concentration of 50 /LM AI. (Use of a visible dye had shown the correct force and location away from the root to ensure adequate mixing, without a much higher concentration than the 50 /LM Al intended to come into contact with the root). Because 50 /LM Al in 1 mM CaC1 2 solution reduced the solution pH, a second set of treatments was imposed to study the effects of pH with and without 50 f.1M Al in solution. Solution pH during the control period was ca. pH 6, decreasing to ca. pH 4 with 50 /LM AI. This pH was attained (without the addition of AI) by the addition, with stirring, of 0.05 mL 0.5 M HCl to the solution in which the root was growing.
Digital microscopy ensured that the roots were minimally disturbed in this study. Ryan et aI. (1993) used a horizontal orientation of roots, and placed Al in agar blocks against separate sections of the root. Roots were grown vertically in the study of Sivaguru and Horst (1998) , Al was added in separate, l-mm zones in keeping with the specific objectives of their study, and measurements were performed afterl h. In the present study, the mungbean roots were acclimatised to 1 mM CaC1 2 solution from the time of germination, quickly marked with activated carbon particles and kept vertical in solution during each study period. The entire root was exposed to constant Al in solution, and measurements were performed every 5 min. These advantages have to be weighed against the drawbacks of (i) the random placement of activated carbon particles and (ii) the care needed not to misinterpret root tip growth towards or away from the microscope as changes in root length.
Statistical analyses were conducted using root length data determined during each study period and the information captured in the digital images. Root elongation rate was calculated both before and after imposing each treatment, allowing an estimation of the overall effects of Al or pH on root elongation for up to 2 h. (The studies were generally conducted over >6 h of digital image capture, but the first effects on root growth were evident within <2 h.) These data were used to determine the kinetics and magnitude of the initial Al or pH effects through the fitting of linear or higher order polynomial regression equations.
Thereafter, the digital images were analyzed to determine the positions of activated carbon particles on the root surface using the UTHSCSA Image Tool for Windows© program developed at the University of Texas Health Science Centre, San Antonio, Texas, USA and available from the Internet (http://ddsdx.uthscsa.edu/dig/ itdesc.html). This program was used to determine the coordinates of activated carbon marks for subsequent calculation of the distance from a fixed mark at ca. 4 mm from the root tip. The coordinates were copied to a Microsoft Excel 97 SR-2© spreadsheet along with scale data to calculate the changes in parts of the root, allowing an estimation of the locations where soluble Al or pH exerted their effects. These calculations were made straightforward by not moving the root or the digital microscope, or changing the focus, during each study period. (Some data at the start of the control period were discarded because of changes in the root orientation or position.) In testing the UTHSCSA Image Tool for Windows© program, the position of each of 10 marks measured 10 times was determined with a precision range of 29 ± 9-71 ± 22 f.1m. Finally, the digital images were scrutinised for evidence of morphological damage to roots. 
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RESULTS
Soluble Al exerted a rapid and markedly adverse effect on mungbean root growth (Fig. I, Table I ). Root elongation rate varied from 11.46 to 21.04 fLm min-I during the control period. Upon exposure to 50 fLM AI, the root elongation rate decreased in the range of 5.01 to 6.61 fLm min-I, a reduction of 56-75%. This reduction occurred rapidly, being first evident at 19, 18, and 52 min after the addition of Al (Fig. 1, Table 1 ). In one case (Fig. I c) , the root elongation rate tended to increase for the first 30 min at a concentration of 50 fLM AI.
In two cases (Fig. la, c , Inset) and in other cases not reported here, Al exerted an increasingly adverse effect on root growth over the longer term. Elongation rates over the 75 min period subsequent to that used for determining the linear root elongation were 2.29 and 3.67 fLm min-I, compared with 5.17 and 6.61 fLm min-I (Table 1 ). In the other case ( Fig. 1 b, Inset) , which was the only occasion that such a response was observed, it appeared that the supply of 50 fLM Al initially resulted in a consistent, linear effect. Elongation rate for the subsequent 75 min which was 4.95 fLm min-I was not significantly lower than the rate of 5.01 fLm min-I evident in Fig. I b. This was followed by a period during which root elonga. 'on was not evident (after ca. 320 min). This latter effect was an artefact, however, as during this period the root tip grew away from the microscope (see Fig.  6a , b, below).
It is noteworthy that the roots continued to grow, albeit at an even slower rate, for ca. 20 h, at which time the studies were terminated. For example, taking the 17.5 h period from 4.25 h after the addition of AI, the root depicted in Fig. la . Fig. 2 . Root length of mungbean in I mM Ca solution during (a) a control period (pH 5.8) followed by a period at pH 4.0 (Inset: Root elongation rate during the period of 100 min at pH 4.0) and (b) a control period (pH 6.0), a 30-min period at pH 3.9, and an Al treatment period (pH 3.9; 50 fLM AI). The data are derived from two separate cases and the fitted curves (-) (Table I) describe the linear or cubic polynomial root elongation rate during each period. The 99% confidence intervals (----) of the fitted linear curve for the period prior to (a) the reduction of pH or (b) addition of Al are also included. Table 1 . Regression equations and correlation coefficients (along with the time period over which the parameters were determined) describing the effects of soluble Al or pH on mungbean root elongation as illustrated in Figs. I and 2 (x = time (min); y = increase in distance of root tip from a fixed point (fLm); SE in parenthesis). Before the addition of Al (Fig. I) or at pH 5.8 (Fig. 2a) and pH 3.9 (Fig. 2b) (Fig. lc) . Because the addition of AICl 3 to an unbuffered solution decreases the solution pH, we investigated the effects of low pH with and without the addition of AI. Winch and Pritchard (1999) had shown that low pH increases the elongation of intact maize roots through relaxation of the cell wall. In the present study, a reduction in solution pH from 5.8 to 4.0 caused a 4-fold increase in the root elongation rate that was first evident .... Time (min) Fig. 3 . Distance of activated carbon marks from a fixed point (Mark #1) on mungbean roots growing during a control period in 1 mM Ca and after being subjected to 50 f.1M Al treatment.
The data in (a), (b), and (c) are derived from the same three cases depicted in Fig. 1 (a), (b) , and (c).
5 min after the pH was decreased (Fig. 2a ). This rate decreased over the next 100 min (Fig. 2a, Inset) at which time the elongation rate was ca.13 /-Lm min -1, approximately twice that at pH 5.8 (calculated as the first differential of the cubic equation in Table 1 ). The elongation rate decreased further to ca. 10 /-Lm min-1 over the subsequent 30 min (not shown). These findings support those of Winch and Pritchard (1999) , but the root elongation rate increased much more rapidly than the 30 min (the time interval used) determined in that study. The addition of Al to a 1 mM Ca solution at pH 3.9 resulted in a marked reduction in the root elongation rate (Fig. 2b, Table 1 ). The effects were similar to those evident in the previous cases (Fig. 1, Table 1 ), in that root growth decreased at 14 min after the addition of AI and the elongation rate was reduced by 71 %. Thus, the lower pH (and consequent increase in the root elongation rate) did not alter the adverse effects of Al either in terms of timing or magnitude .
Use of the activated carbon marks showed that during Time (min) Fig. 4 . Distance of activated carbon marks from a fixed point (Mark #1) on mungbean roots (a) during a control period in 1 mM Ca (pH 5.8), followed by a period at pH 4.0 and (b) during a control period in 1 mM Ca (pH 6.0), during a 30-min period at pH 3.9, and during an Al treatment period (pH 3.9; 50 f.1M AI).
The data in (a) and (b) are derived from the same two cases depicted in Fig. 2 (a) and (b). .7, and (f) ca. 22 h thereafter. These digital images show changes in the root length, the direction in which the root was growing, in particular the development of a kink in the root in a zone at 2,500 fLm from the root tip (c-e), and root deformity (f) with damage to the root epidermal and cortical cells (arrows). Data from this root are depicted in Figs. la and 3a (scale: I division = I mm). the control period, most of the root growth occurred in the cell elongation zone away from the root tip (Figs. 3,  4) . The percentage of total root elongation that was accounted for by cell expansion in this zone ranged from 73 (Marks 1-6) ( Fig. 3b) to 106% (Marks 1-4) (Fig.  3a) , the value being 94% in the case of Fig. 3c (Marks 2-5). Reduced root elongation due to soluble Al (Figs.  1, 2b ) was associated with a reduction in cell expansion in the zone away from the tip. It is evident also that there was a rapid reduction (i.e. in <20 min) in the elongation in this zone. Interestingly, in the case of the root depicted in Fig. 3c (which took the longest time of 52 min to show a decrease in growth) elongation continued between Marks 5-7 although the part farthest from the tip (Marks 3-5) became rapidly affected. In all cases, it was evident that the cells did not progress from the transition to the elongation phase within the time frame of this study.
As reported by Winch and Pritchard (1999) , low pH enhanced the elongation of the cells that were in the expansion phase and the elongation shifted apically (Fig. 4a) . The data in Fig. 4a show that the overall root growth during the control period was largely (97%) accounted for by an increase in the elongation zone (i.e. Marks 1-7). Following the rapid increase in root growth, the slow decrease in the overall elongation rate (Fig. 2a) also resulted from the decreasing rate of cell expansion in the zone of elongation (Fig. 4a) .
Based on previous results obtained in this study, 96% of root elongation took place between Marks 3-7 prior to the addition of Al to the solution with a low pH (Fig.  4b) . Cell expansion in this zone was mostly reduced by 50 f.1M AI. Interestingly, it appeared that the major effect of Al was to reduce elongation between Marks 6-7, the region where pH 3.9 had maximum promotion of elongation at the time that Al was added.
Inspection of digital images revealed the presence of morphological damage to roots exposed to soluble AI. For ca. 1.7 h after the addition of AI, the growth of the root depicted in Fig. 3a was largely vertical (Fig. 5a, b) , though slower than during the control period. After exposure for 3.7 h to 50 f.1M Al solution (Fig. 5c) , and especially thereafter (Fig. 5d, e) , deformity of the root became apparent as a kink at 2,500 f.1m from the root tip. Of six roots for which longer-term images were available (those in Figs. 1, 2b , and two other roots), all developed a kink at 2,370 ± 120 f.1m from the root tip at 230 ± 80 min after Al addition.
After exposure for 22 h to 50 f.1M AI, ruptures of the epidermal and cortical cells on the convex curves of the root (Fig. 5f) were evident closer to the tip than where elongation was first reduced by soluble AI. The root depicted in Fig. 3b first showed a rupture of outer cells close to the tip at 4.3 h after the addition of Al (Fig. 6a) that was more clearly evident 0.5 h later (Fig. 6b) . (In another case (not shown), a rupture appeared 9 h after the addition of AI.) Higher magnification after exposure for 17.6 h to 50 f.1M Al showed that this rupture had expanded, and that another closer to the tip had developed (Fig. 6c) . Digital images of these and other roots (not shown) indicated that this type of damage occurred in a zone at 1,900-2,300 f.1m from the root tip. The root depicted in Fig. 3c bent towards the digital microscope, but repositioning after 22 h at 50 f.1M Al revealed two ruptures on the convex curve at 2,700 and 3,300 f.1m from the tip (not shown). This was the only instance of clear damage to outer cells in the elongation zone. In no case was there prior radial thickening of the root, as seen also in pea (Pisum sativum L.) roots after exposure for 24 h to 10 f.1M Al (Yamamoto et aI. 2001) .
Besides the effects of Al on the roots themselves, a buoyant, white, gel-like material was found to be drifting close to, but separate from, the root. This material, not evident prior to the addition of AI, became more prominent with time (Fig. 5) , and may have consisted of either callose (Kaneko et aI. 1999) or the reaction product of Al and mucilage.
DISCUSSION
Root growth in the absence of AI addition. There are many specialised zones of development in roots, each of which affects root elongation. There are some excellent reviews on this topic (e.g. Carpita and Gibeaut 1993; Pritchard 1994; Cosgrove 1999) , but many issues remain to be clarified. Root growth results from (i) cell division in the root meristem and (ii) elongation of these cells after a preparatory stage (Ishikawa and Evans 1995; Baluska et aI. 1996a ). Changes in cell elongation, in which conditions in the primary cell wall play an important role, exert a greater influence on short-term changes in root growth, as seen in Figs. 3, 4 .
Components of the primary cell wall of dicots and monocots other than grasses (Poaceae) include cellulose, xyloglucan, and pectin along with lignin and numerous enzymes (Carpita and Gibeaut 1993) . In grasses, glucuronoarabinoxylan interlocks the cellulose microfibrils in place of xyloglucan, and also plays a role in the control of cell wall porosity and negative charge. Separation of the transverse cellulose microfibrils must occur for the cell to expand (Carpita and Gibeaut 1993) , through the activity of various enzymes, notably expansin, and slippage (Cosgrove 1999) . The important role of the cell wall in controlling cell elongation has been confirmed recently by Winch and Pritchard (1999) who showed specifically that a decrease in external solution pH increases the rate of root elongation through cell wall loosening. The effect was found to be rapid (within the 30 min interval of their study) but short-lived «60 min), possibly because of endogenous control of apoplastic pH. In the present study, digital microscopy revealed that the increase in the root elongation rate brought about by low pH occurred after 5 min (Fig. 2a) , and indicated that cell wall pH homeostasis is also a rapid process. Indeed, there was an almost immediate tendency for the root elongation rate to decrease (Fig.  2a, Inset) , with close to the original rate being attained after 130 min. Importantly, the zone of greatest expansion was located at 1,900-4,600 JJvm from the root tip and the apical shift in elongation (Fig. 4) indicated a rapid progression of cells to anisotropic growth.
Aluminum effects on root growth. In three of the four cases reported (Figs. 1 a, b, 2b) , the root elongation rate was reduced after exposure for 14-19 min to 50 JJvM AI. These roots followed the threshold for toxicity curve (Barcelo and Poschenrieder 2002) . In the other case (Fig. lc) , root elongation was reduced only after 52 min, though parts of the root were affected in a shorter time (Fig. 3c) . This root tended to display a hormesistype response (Barcelo and Poschenrieder 2002) for ca. 30 min after Al was added, possibly through the low pH effect upon the addition of AI, though the increase did not exceed the 99% confidence interval of the fitted curve. In all cases, the root elongation rate was markedly reduced by 56-75%. It decreased further over ca. 300 min (Fig. 1 a, c, Inset) and even more over ca. 20 h, but in no instance was there evidence of recovery from Al stress (Parker 1995) . Aluminum at «50 JJvM is toxic to plants, and digital microscopy might be used to study root growth only marginally affected by AI, including the nature of any recovery from initial Al stress (Parker 1995; Barcelo and Poschenrieder 2002) .
Many studies which have demonstrated that soluble Al reduces root elongation have been constrained by the interval between the measurements in determining the kinetics of this effect. Sivaguru and Horst (1998) , for example, used an interval of I h, by which time Al had reduced root growth. Digital microscopy used in the present study showed that the injurious effect of soluble Al on root elongation occurred within <20 min, and that Al first exerted a detrimental effect on the zone in which maximum elongation took place (Figs. 3, 4) . This was evident in four separate cases, the mean values showing that this Al effect occurred in a zone at 2,200 ± 600-5,100 ± 200 JJvm from the root tip (distance calculated when Al was added), where low pH increased elongation (Fig. 4a, b) , in these cases at 1,900-4,600 JJvm from the root tip. With normal growth, cells progress from the transition to the elongation phase (Ishikawa and Evans 1995; Baluska et aI. 1996a ). This was especially evident where low pH accelerated root elongation (Marks 4-5 in Fig. 4a ; Marks 6-7 in Fig. 4b ) but did not occur with Al in solution (Figs. 3, 4b) . In this case, the effect of 50 JJvM Al was similar to that of 10 mM Ca (Baluska et aI. 1996b) . Thus, the cells with the potential to elongate were prevented from doing so, which would drastically reduce root growth over the long term. These findings suggest that H+ and AI3+ exert opposite effects on relaxation of the primary cell wall which is responsible for cell elongation and overall root growth. The data also support the hypotheses according to which Al affects the plasmalemma (Wagatsuma et al. 1995; Ishikawa et aI. 2001) or the cell wall-plasmalemma-cytoskeleton continuum (Horst et aI. 1999) . In these cases, continued growth after the addition of Al may be interpreted to result from the excretion of wall components, which ceases only after disruption of the plasmalemma or other organelles involved in this process. It is not clear, however, why the effect of low pH is considerably quicker than that of AI, though this is unlikely to be due to a difference in concentration (viz. 1 X 10-4 M H+ vs. 0.5 X 10-4 M AI3+). It is more likely that there is a rapid diffusion of H+ to the walls of inner cortical cells which control root elongation (Pritchard 1994) , while the effects of Al adsorption to the walls of epidermal and outer cortical cells are somewhat delayed. Given the slow radial mobility of Al (Marienfeld et al. 2000) , this may occur as walls of more cells become increasingly rigid, and may also explain the decrease in the root elongation rate over ca. 300 min (Fig. la, c , Inset) and longer (ca. 20 h). This might be tested by relating the kinetics of root growth reduction to the radial movement of Al which differs among species (Marienfeld et aI. 2000) .
Root growth continued at a reduced rate for ca. 20 h after Al addition (e.g. Figs. 5, 6) , indicating that the root tip cells had not been destroyed by 50 JJvM AI, despite the obvious detrimental effects. This absence of a lethal effect was noted by Bennet and Breen (1991) who observed that the root recovered after removal of Al stress. Digital microscopy might be used to shed light on the nature of this recovery in terms of timing and location.
Root distortion, a common symptom of Al toxicity, was first evident at ca. 4 h after the addition of Al as a kink at 2,370 JJvm from the root tip, with rupture of epidermal and cortical cells at 1,900-2,300 JJvm from the tip occurring after exposure for 4.3 or 9 h to 50 JJvM AI. Generally, however, this was evident only after ca. 20 h (Figs. 5, 6 ), with no digital images available for the intervening period. Damage to outer cells occurred with seemingly less effect on the stele, as shown at a lower Al concentration in pea (Yamamoto et aI. 2001) . Rengel and Zhang (2003) provided convincing evidence that the initial toxic effect of Al results from the disruption of cytosolic Ca"+ homeostasis by interference with the plasmalemma and endo-membrane functions. Structural damage to the cell wall and plasmalemma may also be responsible for the increase in the amount of cytosolic Ca 2 + since the location of damaged outer cells coincided with that of callose deposition in the roots exposed to Al for 1-28 h (Wissemeier et a!. 1987) .
While it is evident that Al and low pH first affected the cells in the elongation zone (Figs. 3,4) , it was more difficult to determine the location of subsequent root deformities caused by Al in solution. In the absence of longitudinal root sections, the end of the transition zone farthest from the root tip (i.e. the start of anisotropic cell growth) was estimated as the mark below which no appreciable elongation occurred (viz. Marks 4, 6, 6, 7, and 7 in Figs. 3, 4) at a distance of 2,140 ± 160 /-Lm from the tip. Since root kinking and ruptures of outer cells (Figs. 5, 6 ) occurred at 2,370 and 1,900-2,300 /-Lm from the root tip, it remains to be determined whether these injuries developed in the elongation or transition zone or, indeed, at their junction. Further evidence is necessary to determine the precise location of these injuries.
Conclusions. The present studies have shown that a 56-75% decrease in the root elongation rate of mungbean upon exposure to 50 /-LM Al occurred within <20 min. Low pH exerted a more rapid and opposite effect, in increasing the root elongation rate after 5 min, which was attributed to the increase of cell wall loosening in the elongation zone (Winch and Pritchard 1999) . It is noteworthy that elongation in the same region, ca. 2,000-5,000/-L111 from the root tip, was decreased by soluble Al or increased by low pH.
The effects of soluble Al were evident as (i) reduced growth in the elongation zone, (ii) prevention of cells in the transition zone from progressing to the elongation zone, and (iii) morphological damage to the root, viz. root kinking and ruptures of outer cells. The opposite effects of low pH on the promotion of root elongation through cell wall loosening (Winch and Pritchard 1999) support the contention that increased cell wall rigidity is responsible for the reduction of root growth by soluble AI. It is also possible, however, that the observed initial effects of Al are due to impaired plasmalemma function (Wagatsuma et a!. 1995; Ishikawa et al. 2001) or disruption of the cell wall-plasmalemma-cytoskeleton continuum (Horst et al. 1999) . Solution of this problem may lead to improved understanding of how roots respond to their environment, both physical (e.g. temperature) and chemical (e.g. H+, Ca 2 +, AIH).
